The application of vermifiltration could reduce the load of chemical and biological pollutants present in wastewater, reducing the pressure over water requirements and allowing the reclamation of the treated water. In the present study, vermifiltration has shown a great potential for chemical pollutants and pathogen removal in wastewater through the synergistic interactions of earthworms and microorganisms. The results of a pilot-scale study showed a higher percentage removal of biochemical oxygen demand (88%), chemical oxygen demand (78%), total suspended solids (83%) and log removal of fecal coliforms (2.61), fecal streptococci (2.50), Salmonella (2.20) and Escherichia coli (2.48) to the levels considered acceptable for reuse in irrigation purposes. Specifically, earthworms in the vermifilter were able to transform insoluble organic material to soluble form followed by selective digestion of the material to finer size, and further degradation by the microorganisms in the reactor. In vitro antimicrobial assay tests also showed that the present microflora had strong inhibitory efficiency against Staphylococcus aureus, E. coli, Pseudomonas aeruginosa and Klebsiella aerogenes. The observed inhibitory effect was found to be responsible for the phenomenon mentioned above, with release of antimicrobial substances by earthworms and associated microflora that showed antimicrobial potency against pathogenic bacteria. The kinetics evaluation showed the predominance of a first order removal model during vermifiltration.
INTRODUCTION
In recent years, the magnitude of the problem of sewage treatment and management has increased due to augmenting industrialization and urbanization. The main problem of pollution is excessive sewage generation and its discharge in the nearby water bodies (Belmont et al. ) . Available water resources in developing regions are becoming increasingly scarce because of increasing population, changing precipitation patterns and degradation of existing sources of water.
In order to address these issues, wastewater is now being looked on as a resource of water and energy, rather than a waste (Jadhav et al. ) . The reuse of treated wastewater is an alternative resource of water, since freshwater scarcity and lack of access to safe water is a huge problem today (García-Fernández et al. ) . Water recycling is reusing treated wastewater for beneficial purposes such as agricultural irrigation, and offers resources and financial savings. Wastewater must be treated before discharge or for reuse as it may contain industrial and agricultural chemical pollutants and also a wide range of pathogens, i.e. bacteria, viruses and fungi. Wastewater treatment can be tailored to meet the water quality requirements for a planned reuse, which includes the treatment of wastewater in an environmentally sound and economically effective manner (Belmont et al. ) . Consequently it is necessary to seek a low cost, decentralized and sustainable technology that addresses the treatment and management of wastewater. One such approach is vermifiltration, which is a biotechnological process that enables the treatment of wastewater into nutrient rich, pathogen free effluent through the combined action of earthworms and microorganisms.
The treatment of wastewater utilizing earthworms was first suggested over 20 years ago due to its ability to biodegrade a variety of organic materials. The late Prof. Jose Toha at the University of Chile first described the utilization of earthworms for wastewater treatment, which has been termed vermifiltration, in 1992. It is one of the most promising technologies, which has gained widespread popularity over the last decade, for wastewater treatment. Vermifiltration is a comparatively new technology for wastewater treatment, which adopts a modern concept of ecological design and extends the existing chain of microbial metabolism by introducing earthworms (Zhao et al. ) . Vermifilters (VFs) are an engineered wastewater treatment system that encompasses different treatment modules including biological, chemical and physical processes, and this technology has been successfully used to mitigate environmental pollution by removing a wide variety of pollutants from wastewater. One of the major barriers to water treatment and reuse is apprehension regarding the health hazard of wastewater exposure to the public. Out of all the contaminants in wastewater, pathogens are of major concern because of their ability to cause diseases in humans. Human pathogens are typically present in domestic sewage and need to be removed during wastewater treatment (Arias et al. ) . Pathogens, being natural hazards to the well-being of humans, cause infectious diseases. One of the important goals of vermifiltration is the inactivation of pathogens during treatment to minimize the public health risks associated with reclaimed water (Li et al. a, b These studies demonstrated the benefits of using VFs for disinfection of domestic wastewater polluted with pathogens, and explained the possible mechanism behind the removal (Arora et al. a, b, c) . Given the importance of vermifiltration, to our knowledge there has been no research done on the disinfection potential and kinetics evaluation of VFs for wastewater treatment. This contribution will experimentally undertake this aspect at a pilot scale.
This study is the first to unveil the dynamics of complex kinetics evaluation of microbial communities in a VF undergoing different stages of treatment as well as in biofilms associated with treatment steps in vermifiltration. The aim of the present study is to assess the performance and pathogen removal efficiency of a pilot scale VF, followed by antimicrobial activity assay of the isolated microflora from the VF. The assessment includes the continuous monitoring of physico-chemical and microbiological parameters, along with the kinetics evaluation of microbial communities. The reactor was divided into two chambers; one being a VF with earthworms and another being a geofilter (GF) without earthworms (as a control reactor). It consisted of filter bed and 16 mm were considered to be moderately active and with more than 16 mm were considered to be highly active. The experiment was done in triplicate and the mean values are presented. The average diameters of the inhibition zone surrounding the discs were measured visually, and did not include the diameter of the paper disc.
MATERIALS AND METHODS

Reactor set-up
Kinetics evaluation
Four different kinetics models have been used to fit the experimental data obtained during the vermifiltration: (1) a loglinear according to the Chick' law (Equation (1) 
Log
where N/N 0 is the microorganism concentration reductions, k i is the disinfection kinetic rate and t is the time of treatment, N res is the residual population density, and SL ¼ Shoulder length (min À1 ).
RESULTS AND DISCUSSION
Reactor performance
The average pH of the influent was 8.0 ± 0.1. The pH of VF effluent increased initially during the treatment, then decreased slightly, reaching out to be in the neutral range signifying the natural inherent ability of earthworms to act as a buffering agent and neutralize pH. The pH of GF effluent also improved, but it was not consistent on all days as observed in (Figure 2(c) ) was significantly higher in the VF as compared to the GF (t ¼ 3.9 P < 0001). Higher BOD removal in the VF is attributed to the enzymatic degradation of the organic content of wastewater by the earthworms and aerobic microorganisms (Sinha et al. ) . The mean COD removal in the VF is 78.2% (Figure 2(d) ), indicating further OM degradation by earthworms, while in the GF it is 68%.
The percentage of COD removal was significantly higher in the VF as compared to the GF (t ¼ 2.7, P < 0.01). This is attributed to the enzymes present in the gut of the earthworms, which helps in degradation of chemicals that cannot be degraded by microbes alone. The symbiotic interactions of earthworms with microorganisms help in OM degradation, which leads to higher treatment efficiency. In this ecosystem, microorganisms survive and reproduce on the colloidal and dissolved OM in wastewater, and biofilm is formed on the surface of filter particles (Yang et al.
). The total suspended solids removal for the VF was observed as 73% while for the GF it was observed as 69%.
Various physical, chemical and biological reactions take 
Pathogen removal
The pathogen removal performance is illustrated in Table 2 . 
Antimicrobial activity assay
In the agar diffusion assay, the negative control (10 mmol/L sodium phosphate buffer, pH 7.0) did not show any inhibition, while the positive control ampicillin (50 μg) showed mean diameters of zones ranging from 38 to 40 mm. The mean zones of inhibition against bacteria ranged from 12 to 36 mm (Table 3 ). The results of the assay showed that most of the isolates were active against all four aerobic bacterial pathogens. In general, most of the bacterial strains showed higher activity against Gram-Negative bacteria than
Gram-Positive bacteria, the reason for which was possible differences in the cell wall structure between Gram-Positive and Gram-Negative bacteria. The cell wall is a critical As all these equations are based on first-order kinetics (simple or modified) the kinetic constants can be directly compared to assess the best disinfection results. The 'tail'
shape can be explained by the presence of the remaining Actinomycetes 0.069 ± 0.004 0.947 0.010 ± 0.001 0.970 --2 k ¼ inactivation rate (linear regression of Log (concentration) versus time); R 2 ¼ regression coefficient; Model 1 ¼ Log-lineal (k 1 ); Model 2 ¼ double log-lineal (k 1 , k 2 ); Model 3 ¼ Log-lineal (k 1 ) þ tail (Log (N res )); Model 4 ¼ shoulder (SL) þ log-lineal (k 1 ). population of bacteria, which were not removed due to the presence of the SS particles present in the wastewater aggregates around the bacteria cell, which shades it and prevents the attack on its cell wall surface.
CONCLUSIONS
Vermifiltration is an ecofriendly waste management technology, which takes the privilege of both earthworms and the associated microorganisms to treat wastewater. The pilotscale study demonstrated the reduction of pollutants with the in-built pathogen removal property. The concentrations of pollutants in the effluent reached the discharge standards of water for irrigation reuse. The pathogen removal is based on a first order kinetic model and is due to the inhibitory effects of microorganisms present in the VF. The vermifiltration technology is a cost-effective process, which is completely sustainable and profitable for sewage treatment with efficiency, convenience and potential for decentralized wastewater treatment.
